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By Charles B. Johnson_ Lillian R. Boney,

James C. Ellison, and Wayne D. Erickson

SUMMARY

A method is presented for computing the wall coordinates of a hypersonic

nozzle with real-gas I effects. Results of calculations at a Mach number of 17

for stagnation temperatures and pressures up to 5,000 ° R and 1,000 atmospheres

are presented. A procedure for calculating both the inviscid contour and

boundary-layer displacement thickness is presented along with a complete com-

puter program written in FORTRAN (FORmula TRANslation) language. Calculations

are presented for a Mach number 17 nozzle for nitrogen at various stagnation con-

ditions to indicate the difference between the use of real-gas properties and the

ideal gas with constant heat-capacity ratio. The effect of stagnation conditions

on both the inviscid flow field and the growth of the displacement thickness has

been investigated. Whereas the present results were obtained for nitrogen, the

method of calculation presented herein could be applied to other gases with only

slight modification.

INTRODUCTION

The calculation of the inviscid contour of a hypersonic nozzle for a real

gas involves an application of the method of characteristics in which the real-

gas variation of the thermodynamic properties of the gas are considered. The

physical-wall contour of the nozzle is then determined by adding the calculated

displacement thickness to the inviscid contour.

In reference i a procedure is presented for calculating only the inviscid

contour of axisymmetric nozzles with reacting gases by application of the method

of characteristics incorporating a variable isentropic exponent_ whereas, in the

present work the available thermodynamic data for an isentropic expansion are

used directly in the computation scheme. The method for calculating the contour

of axisymmetric nozzles for high-temperature air presented in reference 2 is

similar to that presented herein but was developed independently. The differences

between the present work and that of reference 2 include the manner in which the

iThe term "real gas" as used herein relates to the effects associated with

high densities and also the variation of heat capacity with temperature.



real-gas thermodynamicproperties are employed and the detailed calculation pro-
cedures for the boundary-layer determination.

A comparison between the calculated inviscid coordinates of a hypersonic
nozzle based on the real-gas thermodynamicproperties of air at moderately high
stagnation temperature and pressure and the coordinates based on ideal-gas rela-
tions with constant heat capacity indicates that real-gas effects strongly affect
the calculated nozzle contour. (See ref. 3-)

The procedure for calculating the wall contour of a hypersonic nozzle pre-
sented in this report was used to design the nozzle of a Machnumber 17 hyper-
sonic facility which is presently being constructed for the Langley Research
Center. This facility is to operate with nitrogen at stagnation temperatures
up to 4_000° F and stagnation pressures up to i_000 atmospheres for running
times on the order of minutes and has a test-section diameter of approximately
17 inches.

It is the main objective of this report to present a method for calculating
the physical-wall coordinates of a hypersonic nozzle which operates under condi-
tions where real-gas effects are significant. In addition to the method of cal-
culation, a comparison is given between the contours determined by inclusion of
real-gas effects and of ideal-gas considerations with constant heat capacities
for various stagnation conditions. The effect of wall temperature_ size of inte-
gration step, and other calculational restraints are also discussed.

The method of calculation will be presented in enough detail to permit the
direct use of this approach for determining the physical-wall contour of a hyper-
sonic nozzle for a wide range of conditions. The modifications to this method
which would be required for dealing with gases other than nitrogen and for con-
siderably different conditions are also listed.

SYMBOLS

Cf

H

h

M

N

velocity of sound

points in axisymmetric flow field as indicated in sketch (a); used as

subscripts to indicate conditions at these points

skin-friction coefficient

throat diameter

total enthalpy

static enthalpy

Mach number

exponent in velocity-profile relation
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7

5

local Reynolds number based on momentum thickness 8

pressure

enthalpy correction term

gas constant for nitrogen

distance from source point in radial flow field

distance from source point to sonic sphere in radial flow

radial distance from nozzle axis

distance along Mach line measured in meridian plane from nozzle axis

temperature

base temperature, 491.688 ° R

gas temperature at nozzle throat (see eq. (BI6))

velocity

limiting velocity

velocity in x direction

limiting velicity ratio, W - u
ui

distance along nozzle axis with x = 0 at nozzle throat

distance from source point of radial flow parallel to nozzle axis

distance measured parallel to nozzle wall with _ = 0 at nozzle throat

distance perpendicular to nozzle axis

distance measured perpendicular to nozzle wall with _ = 0 at nozzle

wall

d*
nozzle throat height, -_-

ratio of specific heats

boundary-layer thickness
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a)

boundary-layer displacement thickness, defined by equation (B2)

characteristic temperature of molecular vibration for nitrogen,

6,00D.9 ° R

momentum thickness

flow angle

Of_lintegrated values of flow angle, 91 = dgf_ as given in
0

equation (A6)

initial value of 9 at nozzle throat

Mach angle

density

stream function

nondimensional stream function, see equation (A9)

viscosity-temDerature exponent

Subscripts:

aw adiabatic-wall condition

L edge of laminar sublayer

t stagnation conditions

w wall condition

i inviscid free-stream conditions

Superscript:

o condition of low pressure

METHOD OF CALCULATION

The calculation of a real-gas nozzle contour is based on a characteristic

solution for determining the inviscid flow field and then adding a correction of

boundary-layer displacement thickness to the inviscid nozzle contour. In the

method presented herein, the actual thermodynamic properties of the expanding gas



are used to determine the inviscid flow-field boundary. A detailed procedure
for calculating the inviscid portion of a hypersonic nozzle is presented in
appendix A.

After the inviscid contour has been determined by the procedure of appen-
dix A, a displacement thickness based on real-gas properties is calculated from
the edge of the inviscid contour to a physical wall. This calculation is based
on a turbulent boundary-layer analysis in which the real-gas flow properties are
used in a stepwise integration of the axisymmetric form of the momentumequation.
(See pp. 393 to 395 of ref. 4.) The heat transfer to the nozzle wall is accounted
for in the skin-friction law, and the skin-friction coefficient is obtained by a
method presented by Persh. (See ref. 5.) The quantities 6"/6 and @/6 are
determined by numerical integration with the use of a real-gas variation of den-
sity through the boundary layer. The value of 0 at each point along the nozzle
is obtained from the momentumequation by using an iteration scheme,wherein the
first approximation to the radial distance is taken to be the sumof the inviscid
radial coordinate, at the point of calculation, and the value of 6*, determined
from the previous point of calculation. Successive iterations are madeto deter-
mine 5* within a set accuracy. A detailed description of the method of calcu-
lating the displacement thickness is presented in appendix B.

It is the aim of appendices A and B to present the methods of calculation in
enough detail to permit one to calculate the coordinates of a hypersonic nozzle
directly for the case of a real gas.

RESULTSANDDISCUSSION

Inviscid Results

Attention is focused in this section on a numberof calculated results which
indicate how the various conditions and parameters affect the inviscid nozzle
contour. First, a comparison was madebetween the calculated inviscid contour of
a Machnumber 17 nozzle based on real-gas properties for nitrogen and the contour
based on the ideal-gas properties with a constant heat-capacity ratio of 7/5 for
the samestagnation conditions. For this comparison, the stagnation pressure was
taken as 1,000 atmospheres and the stagnation temperature was 4,200° R. The flow
properties for the ideal-gas case were taken from reference 6, and for the real-
gas case the thermodynamic data of references 7 and 8 were used. This comparison
is shownin figure I, where the throat height for both cases is equal to
0.09 inch. It is noted that the height of the inviseid nozzle exit for the real-
gas calculation is approximately 9 percent larger than the exit height based on
the ideal-gas calculation. On the other hand, the contour height in the throat
region is smaller for the real-gas case than for the corresponding ideal-gas case.
This comparison indicates that the inviscid contours for the two cases at the
sameconditions and Machnumberare significantly different, and it appears to be
important to include the real-gas effects in hypersonic-nozzle calculations for
stagnation conditions in this range.

5
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Two additional inviscid calculations were carried out in order to examine the

effect of the choice of stagnation conditions on the inviscid contour of a Mach

number 17 nozzle based on real-gas considerations. (It should be noted that the

inviscid contour_ based on an ideal gas with constant heat capacities, is inde-

pendent of the stagnation conditions.) The effect of stagnation temperature was

examined first. Figure 2 shows the inviscid contours for stagnation temperatures

of 4,200 ° R and _,000 ° R, both for a stagnation pressure of 1,000 atmospheres.

It is seen that the higher stagnation temperature gives a larger height at the

nozzle exit and a decrease in the nozzle contour in the throat region. The effect

of stagnation pressure was studied from a comparison of contours calculated for

stagnation pressures of 340 atmospheres and 1,000 atmospheres_ both at a stagna-

tion temperature of 4,200 ° R. It is noted from figure _ that the higher pressure

results in a smaller inviscid exit height and a somewhat larger contour height in

the throat region.

Boundary-Layer Results

In addition to the degree to which a nozzle contour is dependent on the real-

gas effects in the inviscid region, the boundary-layer displacement thickness can

also be influenced by real-gas effects within the boundary layer itself. The

calculated boundary-layer displacement thickness will_ therefore_ be influenced

by (i) the real-gas flow properties and their gradients along the edge of the

inviscid flow field as determined from the inviscid calculations, and (2) the

real-gas properties within the boundary layer.

The degree to which these two effects influence the growth of the displace-

ment thickness for a Mach number 17 nozzle with stagnation conditions of

1,000 atmospheres and 4_200 ° R with a throat diameter of 0.i0 inch was examined

by comparison of the growth of 6" for three cases: (i) the inviscid flow field

is calculated with the use of real-gas properties and the calculations within the

boundary layer include the real-gas properties; (2) the inviscid flow field is

again calculated with the use of real-gas properties, but the calculations within

the boundary layer are based on an ideal gas with a constant heat-capacity ratio

of 7/5; and (3) both the inviscid flow and the boundary layer are based on an

ideal gas with a constant heat-capacity ratio of 7/_. This comparison is pre-

sented in figure 4. It is noted from this figure that the largest difference is

between the purely real-gas calculation and the purely ideal-gas result. At an

axial distance from the throat of 90 inches, the value of $* for the purely

real-gas case is approximately 13 percent larger than for the purely ideal-gas

case. On the other hand, figure 4 shows that the value of _* at the same loca-

tion for a real-gas boundary layer is only about 4 percent larger than that calcu-

lated for the ideal-gas boundary layer with a heat-capacity ratio of 7/5, when

both results are based on the same real-gas inviscid flow field. Based on these

limited calculations_ it appears that the real-gas effects in the inviscid flow

field have a stronger influence on the determination of the displacement thickness

than the real-gas effects within the boundary layer itself.

An attempt was made to see why the displacement thickness is only slightly

different for the calculation based on real-gas properties within the boundary
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layer compared with the case for which ideal-gas properties with constant heat-

capacity ratio were used within the boundary layer. The quantity

_7 T
2

2 e_ - 1

which represents the ratio of the local static enthalpy, excluding the vibrational

component, to the enthalpy including the vibrational mode was calculated across

the boundary layer at several positions along the nozzle. The expression for the

enthalpy 3 including the vibrational mode_ is presented in reference 9. This

quantity is unity when the vibrational component of enthalpy is zero and decreases

continuously from unity as the vibrational component becomes more significant.

lO



Figure 5 showsthis quantity plotted as a function of the nondimensional
distance through the boundary layer _/5 at longitudinal distances from the
nozzle throat of approximately 0.i, 1.0, and i00 inches. These calculations are
based on a Math number17 nozzle with stagnation conditions of 1,000 atmospheres
and stagnation temperature of 4,200° R and with a wall temperature of 650° R. It
can be seen from figure 5 that the vibrational componentof the local static
enthalpy is always less than i0 percent of the total local static enthalpy

_T +(/72 e_ - i) at any position within the boundary layer, even very near the

nozzle throat. At a distance of i inch downstreamfrom the throat, the enthalpy
in the vibrational modeis less than 4 percent of the local static enthalpy and
further downstreambecomeseven less significant. Becausethere is only a small
percentage of the local static enthalpy at each point within the boundary layer
in the vibrational mode, the small effect noted between the real-gas and ideal-
gas boundary-layer results should be expected. The effect of pressure on the
local static enthalpy within the boundary layer for the conditions of this example
were found to be very small so that essentially all of the real-gas effects
within the boundary layer are due to the vibrational componentof enthalpy.

90

i t --

Distance normal to w_/1, _/6

-----+_-+-- +_ ....

_ _,_

.6 ,_ ],0

(a) x = 0.i inch. (b) x = 1.0 inch. (c) x : i00 inches.

Figure 5.- Effect of molecular vibration on enthalpy through boundary layer at three locations

of x as calculated for a real-gas nozzle at M ! = 17, Pt = i,OO0 atmospheres_ Tt = 4,200 ° R,

Tw = 650 ° R_ and d* = 0.i0 inch.
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In figure 6_ a comparison of the calculated displacement thickness similar
to that presented in figure 4 is given, the only difference being that the stag-
nation temperature for the results shownin figure 6 is 5_000° R. The comparison
shownin figure 6 for 5,000° R is qualitatively the sameas that shownin figure 4
for 4,200° R. The comparison presented in figure 6 indicates, however, that the
higher stagnation temperature results in a greater difference between the dis-
placement thickness based on real-gas properties in the boundary layer as com-
pared to those based on ideal-gas properties. This greater difference is believed
to be due to the larger percentage of the local static enthalpy in the vibrational
modewithin the boundary layer at higher temperatures.

In order to obtain an indication of the effect of stagnation conditions on
the growth of the displacement thickness in a Machnumber17 nozzle, two sets of

u

C

v_

g_

I
I
1

i

I

_0

,04

DO 1C ':: 11 C' 1ZC'

Figure 6.- Growth of boundary-layer displacement thickness as calculated for: (i) a real-gas inviscid

contour with a real-gas boundary layer_ (2) a real-gas inviseid contour with an ideal-gas boundary

layer; and (_) an ideal inviscid contour with an ideal-gas boundary layer. Pt = i_000 atmospheres;

T t = 5,000 ° R; Tw = 650 ° R; and d* = 0.i0 inch.
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calculations were made. In the first set, the stagnation pressure was chosen to
be 1,000 atmospheres, and the stagnation temperature was set equal to 4,200° R
and 5,000° R. For the second set of calculations, the stagnation temperature was
chosen to be 4,200° R and the stagnation pressure was set equal to 340 atmospheres
and 1,000 atmospheres. The results of these two sets of calculations are pre-
sented in figures 7 and 8. It can be seen that an increase in stagnation temper-
ature or a decrease in stagnation pressure results in a larger displacement thick-
mess at each position along the nozzle. It should be rememberedthat these calcu-
lations of 5* are also influenced by the changes in the inviscid flow field due
to changes in stagnation conditions.

C

4.0!

3.6

Dist3_ice h'c,m throat _[orlg [;ozzl,, F_xi8, x, _i_,2hts

Figure 7.- Effect of stagnation temperature on growth of real-gas boundary-layer displacement thickness

as calculated for a real-gas nozzle at M I = 17, Pt = 1,000 atmospheres, T w = 650 ° R, and

d* = 0.i0 inch.
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Because the physical-wall contour is the ultimate objective in the calcula-

tion of a nozzle, figure 9 was prepared to show the difference between the

physical-wall contours based on real-gas properties and on properties based on

ideal gas with constant heat-capacity ratio of 7/_. This comparison is for a

Mach number 17 nozzle with stagnation conditions of 1,000 atmospheres and

4,200 ° R. It can be seen that the contour based on the ideal gas with constant

heat-capacity ratio is significantly different from that based on the real-gas

properties.

The calculated values of 5* along the nozzle are based on a method that

requires a number of assumptions which lead to limited certainty as to the correct

local displacement thickness. Inasmuch as the physical cofftour is directly

dependent on the calculated values of 5*, this same absolute uncertainty exists

at each location along the physical contour. It should be noted, however, that

14
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the absolute values of 5* are rather small in the throat region so that the

physical contour in the throat region is essentially determined only by the

inviscid calculations. Further downstream_ however, the boundary layer becomes

a significant fraction of the physical contour.

Effect of nozzle wall temperature.- The results of calculations presentedup
to this point are based on a constant wall temperature of 650 ° R. The effect of

wall temperature on the calculated values of 5* was examined by comparison of

results based on constant wall temperatures of 650 ° R and 13_00 ° R for a Mach

number 17 nozzle with stagnation conditions of 1,000 atmospheres and 4,200 ° R.

This comparison is presented in figure i0. It can be seen that an increase in

wall temperature from 6_0 O R to 1_500 ° R causes only a slight decrease in the

displacement thickness along the nozzle. At the nozzle exit the difference is

less than 1.0 percent_ whereas, in the throat region the displacement thickness

15
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for a real-gas nozzle at M I = 17, Pt = 1,000 atmospheres, T t = 4,200 ° R, and d* = 0.i0 inch.

for the wall temperature of 650 ° R was less than 0.0002 inch smaller than the

case for 1,500 ° R. Based on this calculation, the wall temperature does not

affect the displacement thickness to a large extent.

The results show that the displacement thickness was only slightly affected

by a change in wall temperature from 650 ° R to 1,500 ° R; the boundary-layer pro-

files of mass flow per unit area pu'/PlU I and P/Pl for these two temperatures

at 0.i, 1.0, and i00 inches from the throat were calculated as well as values of

5*/5, e/5, and 8 at the same nozzle positions. The profiles are presented

in figures ii, 12, and 13, and the corresponding values of 5*/5, 9/5, and e

are shown in table I. It is noted from these three figures that profiles for

both wall temperatures change appreciably along the nozzle but are qualitatively

the same for both wall temperatures at a given nozzle position. The tabulated

results of table I show that 5"/8 increases with wall temperature, but there

16
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TABLE I

BOUNDARY-LAYER PARAMETERS FOR A MACH NUMBER 17 NOZZLE AT

Pt,l = 1,000 ATMOSPKERES AND Tt, I = 4,200 ° R

x, in.

(approx. )

0.i

1.0

i00

T w ;

oR

650

1,500

65o

1,500

65o

1,900

8 _

5

0.065

•085

0.24

.28

0.81

.83

8

8

0.i03

•099

0.079

•074

0.012

•011

e

o.63
.86

3.00

3.74

66.80

79. O0

8,

in.

o.o0095

.ooo9o

0.0020

.0o16

0.044

.036

is also a simultaneous decrease in 8 which is assumed to be caused by a corre-

sponding change in the value of Cf/2 determined from the skin-friction relation.

The two effects tend to make 8" insensitive to wall temperature.

The results of the work presented in reference 2 indicate that the choice of

the skin-friction relation which is used in the boundary-layer calculation has an

effect on the resulting values of 8". It is shown in reference 2 that a change

in wall temperature from 583 ° R to i,_00 ° R resulted in an increase in 8" when

one skin-friction relation was used 3 whereas another skin-friction relation indi-

cated a decrease in 8" for the same temperature change.

The skin-friction law of Persh (ref. 5) was selected for this present work

based on satisfactory calibration results presented in reference i0. The nozzles

tested in reference i0 showed good agreement with the designed performance based

on Persh's skin-frlction relation for the calculation of the displacement
thickness.

In order that the nozzle wall temperature be more realistic in the actual

nozzle operating conditions_ a variable wall temperature was assumed along the

nozzle with a hot wall in the throat region and a cooler wall downstream. The

three wall-temperature variations which were used are plotted in figure 14 and

are labeled (a), (b), and (c). Each of these temperature distributions begins

at the nozzle throat with a temperature of 2,820 ° R and decreases continuously

according to the equation indicated on the figure to asymptotic values for

curves (a), (b), and (c) of 2,350 ° R, 1,500 ° R, and 650 ° R, respectively, further

downstream. These wall-temperature variations are discussed in more detail in

appendix B. The effect which these three wall-temperature variations have on the
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calculated displacement thickness along a nozzle is shown in figure 15. It is

4.0
J

3.6

Ca)-_k

z._ -- (c)-(b)-_Y

, /
2.4

_ 2.0-

/ .oos

1.6

1.2

.4 --

/

/
0 10 2O

,/
/

/

/

,006 i

/

...004 (b)-

C .Z .4 ,6 .8

i i _ i L i x, inches

30 40 50 60 70 80 90 lOG i l l,O 1_0

Distance from *.hroat _dong nozzle axis, x, inches

Figure 15.- Effect of variable wall temperatures on growth of boundary-layer displacement thickness as

calculated for a real-gas nozzle at M I = 17, Pt = 1,000 atmospheres, T t = 4,200 ° Rj and

d* = 0.I0 inch. (See fig. 14 for wall temperatures.)

noted that the displacement thickness is only slightly influenced by the wall

temperature. The reason for realizing only a small effect is believed to be due

to the opposing changes in 8"/8 and e with a change in wall temperature as

discussed before.

Effect of pressure on enthal_y.- As mentioned before, the real-gas effects
considered in this work include the deviations from ideal-gas behavior due to

excitation of the vibrational energy modes and to the high-density or high-

pressure effects. Both of these effects are accounted for in the calculation of

the inviscid flow field by use of the real-gas properties of nitrogen. In the
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boundary-layer calculations, however, the vibrational effect on enthalpy is
accounted for by an analytical expression with a function only of temperature.
This analytical expression is then multiplied by a correction term which is the
ratio of the actual enthalpy, including pressure effects, divided by the enthalpy
based on the temperature alone. This pressure-correction term for the enthalpy
is denoted as Q and is of the order of unity. The application of this correc-
tion term is discussed in appendix B. The influence which the real-gas effects
due to high pressure alone have on the calculation of 5* is shownin figure 16
for a particular nozzle in the region near the throat. It can be seen that the
difference between the result when using Q equal to unity (that is, no real-gas
pressure effect considered) and the result when Q was taken into account3 is at
most a few percent for the conditions of this calculation. For higher stagnation
pressures at the sametemperature or for lower stagnation temperatures at the same
pressure, that is, higher densities, the influence of using the actual values
of Q would be greater.

ComputerProgram

The calculated results were obtained by use of an IBM 7090 electronic data
processing system at the Langley Research Center. A listing of the detailed pro-
gram statements in FORTRANlanguage (ref. ii) are presented in appendix Cwith
appropriate commentsfor the benefit of agencies having access to digital com-
puting machines. This program was set up and used to calculate hypersonic nozzle
contours with nitrogen for stagnation temperatures up to 5,000° R and stagnation
pressures up to 13000 atmospheres. It should be pointed out that the method for
calculating the inviscid flow field is general and can also be applied directly
to other gases for stagnation conditions such that equilibrium dissociation
effects must be considered. This method can, of course, also be applied to the
calculation of the inviscid region of a hypersonic nozzle using helium at high
stagnation pressures, for which case real-gas effects due to high density can be
quite significant. The inputs to this present program for such cases would be
the sameas used in this work for the inviscid region, namely, the real-gas rela-
tion between the Machnumberand limiting-velocity ratio and the relation between
the ratio of free-stream to stagnation density, and the limiting-velocity ratio
for an isentropic expansion from a given stagnation condition.

That part of the program which is concerned with the calculation of the
boundary-layer displacement thickness, however, would in general require some
modifications for other gases and muchdifferent stagnation conditions considered
herein. A relation between the local static enthalpywithin the boundary layer
and the local pressure and temperature would be required which would replace equa-
tions (Bg) of appendix B. Accordingly, this would change the form of equa-
tion (BI2). The skln-friction law given by equations (BIS), (BI4), and (BIS),
could also be replaced by another law, if desired, or modified for a particular
case.
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CONCLUDING REMARKS

A method for calculating a hypersonic-nozzle contour for a real gas has

been developed and incorporated into a computer program which facilitates the

rapid calculation of the inviscid flow field and the wall-boundary-layer displace-

ment thickness. The procedure for calculating both the inviscid region and the

displacement thickness is presented in enough detail to permit the direct appli-

cation of this method. A working FORTRAN program for use on an IBM 7090 elec-

tronic data processing system is also presented.

The inviscid contour and the corresponding displacement thickness have been

calculated for a number of conditions for nitrogen with stagnation temperatures

up to 5,000 ° R and stagnation pressures up to 1,000 atmospheres for a Mach number

of 17. The real-gas effects considered in these calculations are those that are

associated with high-density gases and the variation of heat capacity with tem-

perature due to vibrational excitation. This method of calculation presented

herein may be applied to a number of systems with some modifications. Rather

simple modifications are required for the consideration of equilibrium dissociated
flow.

Based on a number of calculations and the use of the present method, the

following conclusions are indicated:

i. A comparison between a calculated inviscid contour of a Mach number 17

nozzle based on real-gas properties for nitrogen and on ideal-gas relations with

a constant heat-capacity ratio of 7/5 for stagnation conditions of 1,000 atmos-

pheres and 4,200 ° R shows that the inviscid contour based on real-gas considera-

tions is considerably different from that found for the ideal gas. For this case,

the exit diameter of the inviscid nozzle is approximately 9-percent larger for

the real-gas calculation than for the results based on ideal-gas relations. On

the other hand, the diameter in the region near the throat is less for the

inviscid real-gas result than for the ideal-gas result.

2. It was found that when real-gas effects are taken into account the choice

of stagnation conditions strongly affected the inviscid nozzle contour for the

conditions examined.

3. The effect of stagnation conditions on the boundary-layer calculations,

including real-gas effects, exhibited the same trends as for an ideal gas in that

a decrease in the stagnation temperature or an increase in the stagnation pres-

sure resulted in a decrease in the displacement thickness along the nozzle

contour.

4. The influence of the real-gas effects within the boundary layer on the

calculation of the displacement thickness was much less significant than the

influence of real-gas effects in the inviscid flow field on the determination of

the inviscid nozzle contour.

_. The calculated displacement thickness for the condition of constant wall

temperature was found to be only weakly affected by the level of the wall
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temperature. For example, the displacement thickness, calculated for a Mach num-

ber 17 nozzle with stagnation conditions of 1,O00 atmospheres and 4,200 ° R and

throat diameter of 0.10 inchj based on a wall temperature of 650 o R was less than

1 percent greater than the value for a wall temperature of 1,_O0 o R at the nozzle

exit. In the throat region the displacement thickness for the case in which the

wall temperature was 650 ° R was less than 0.0002 inch smaller than the case for

1,_X)O° R. Also, calculations in which several realistic wall-temperature varia-

tions along the nozzle contour were assumed indicated that the wall-temperature

level and its variation along the nozzle do not strongly affect the calculated

displacement thickness for the method presented herein.

Langley Research Center,

National Aeronautics and Space Administration,

Langley Station, Hampton, Va., January 7, 1963.
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APPENDIX A

CALCULATION OF INVISCID NOZZLE CONTOUR FOR A REAL GAS

Characteristic Equations

The procedure for calculating the inviscid nozzle contour for air as a real

gas was briefly discussed in reference 3. The approach used in this present work

is essentially the same for the inviscid calculations. The basic equation for

determining the inviscid contour for an axially symmetric nozzle is the potential-

flow equation presented in reference 12 (p. 261, eq. (469)). The solution to this

equation can be obtained through the method of characteristics which reduces to

four characteristic equations which are readily adaptable to a finite difference

technique. The derivation of the characteristic equations is also presented in

reference 12. These four characteristic equations are:

dy _ tan(_ + 8)
dx

dW
de tan _ - ZI

W Y

first family (AI)

and

dy = tan(e - _)
dx

dx
dW + de tan _ - _2 -_- = 0W

second family (A2)

where

sin _ sin 8 tan

: cos( + e)

and

_2
sin _ sin e tan

cos(e-

These characteristic equations involve the five variables W, 8, x, y, and _,

so that an additional relation is required. For the case of an ideal gas with a
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constant specific-heat ratio, the expression relating M to W is

and may be used because

l lw2 (A3)

is directly related to M by the equation

= sin-i 1 (A4)
M

The equivalent real-gas relation between W and M is obtained by taking the

form of the ideal-gas expression as given in equation (A3) and tabulating the

quantity 1/W 2 for various values of 1/M 2 as calculated for the isentropic

expansion from a given stagnation condition. These are the values of 1/W 2 and

1/M 2 based on a real gas and are used directly in the calculation procedure with

linear interpolation between the tabulated values.

Determination of Flow Properties Along Flow-Region Boundaries

The two families of characteristic equations (eqs. (Al) and (A2)) are solved

by a stepwise procedure in which the initial values of the flow properties W,

0, X/rcr, Y/rcr , and M are first calculated along the edge of the character-

istic flow fields. These initial flow properties are calculated along the line

ABCDE of sketch (a).

Y/rcr

0 A B _ D

E

Sketch a
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These quantities are based on real-gas considerations and are determined by a

method presented in reference 13. For convenience in discussion_ the nozzle is

divided into four regions: I_ first transition region; II, second transition

region; III, radial flow; IV, uniform flow. Region III is bounded by the Mach

lines BC and CD, and region IV is bounded by the final Mach line DE. The flow in

region I is calculated by the method of characteristics and initial conditions

along line ABC and the flow in region II is calculated by the method of character-

istics and conditions along line CDE. The first task, then, is to calculate the

flow conditions along line ABCDE.

is

Now the general equation for the radial-flow region as given by reference 13

(I - M2)d_+ 2 u =Or

For this region, the integrated characteristic equations_ which are based on

equation (A5), are

01 dOf _ W
-0 (M=l)

(AS)

(a6)

and

_ I
rcr r 2 (M=I) W

(A7)

Because M and, therefore, W are known at point D (sketch (a)), the value of

at point D can be found by use of equation (A6) and the real-gas relationOI_D

between M and W. Values of W) Of, M, and r/rcr along line CD are deter-

mined by choosing values of W which are successively less than the value of W

at point D. Values of Of for partieular values of W are calculated from equa-

tion (A6) and from the real-gas relation between M and W, along with the condi-

tion that Of = Oi, D - 01 along the line CD. The corresponding values of r/rcr

for these same values of W are determined from equation (AT) in a similar way.

The coordinates for each of these calculations along line CD are determined from

the equations

r

rcr rcr
cos of (AS)
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and

y _ r

rcr rcr
sin ef (Ag)

The point indicated as C in sketch (a) is the nozzle-inflection point and

corresponds to the maximum turning angle of the flow. The value of the flow

angle at point C, eC is arbitrarily taken to be 12 ° in this work. It follows

then that the integrated angle at point C, el,C, as obtained from equation (A6),

must equal the value determined from the condition that eC = el, D - el, C. The

values of M, W, _/rcr, and Y/rcr at point C are fixed by equations (A7),

(A8), and (A9).

The flow properties along line DE are all constant and equal to conditions

at point D and are determined by the procedure just mentioned. It follows that

the quantities W, el, _/rcr , Ylrcr , and M can be calculated along the

boundary CDE and can serve as the starting conditions for calculation of flow in

region II by the method of characteristics.

The flow properties along line BC are determined by the same method as they

were along line CD, except that the flow angle along line BC is obtained from the

condition that ef = eI - ei,BJ where el, B = el, D - el, C.

The required flow conditions along line AB are established by assuming a

linear Mach number distribution with respect to _/rcr from points A to B. This

linear distribution is found by equating the slope of M with respect to _/rcr

as determined at point B to the slope in this linear portion. The value of _/rcr

for which the Mach number is unity is taken as the position of the throat of the

nozzle. Inasmuch as the real-gas variation of W with respect to M has been

determined, the establishment of a Mach number distribution along line AB also

determines corresponding values of W along line AB. The necessary flow proper-

ties along line ABC can, therefore, be calculated so that the method of character-

istics can be applied to determine the flow field in region I.

Characteristic Mesh Size

The mesh size of the characteristic network is determined by the interval

size between successive points chosen along the boundary llne ABCDE. The inter-

vals along lines BC and CD are determined by taking _ constant interval of r/rcr.

The interval size along line DE was taken to be the same as along line CD. The

intervals between points along AB can also be chosen arbitrarily. For a given

Mach number and set of stagnation conditions, the inviscid contour was calculated

for various mesh sizes in which the interval in r/rcr along line ABCDE was set

equal to 0.13 0.2, 0.25, and 0.3. The effect of mesh size on the calculated
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contour based on these four values was found to be negligible. In addition, the
inviscid contour was calculated along line AB for intervals of r/rcr of 0.053
0.025, and 0.01 and for intervals along line BCDEof 0.1. The inviscid contour
was again essentially unaffected by this change in mesh size. It maybe concluded
that these meshsizes are small enough not to influence the inviscid result.

Calculation of Characteristic Network for Real Gas

The characteristic network for a real gas is calculated by application of a
method of successive approximations to equations (A1) and (A2), along with the
tabulated real-gas values of 1/W2 and 1/M2 and the flow conditions along line
ABCDE. This method is outlined in pages 264-265 of reference 12. It has been
determined by trial and error that three successive approximations are sufficient
to give satisfactory results at each point of calculation within the character-
istic network.

Calculation of Streamline Along Inviscid Boundary

Inasmuch as point C of sketch (a) is on the streamline which defines the
inviscid boundary, the value of the stream function at any point along the invis-
cid boundary must be equal to the stream function at point C. The procedure for
determining the streamline which corresponds to the inviscid boundary_ then, first
involves the calculation of the stream function at point C.

The differential form of the stream function in the radial-flow region as
given in reference 13 is

d_ = pur2sin ef def (Alo)

It is convenient to define a nondimensional stream function as

•}. _ 4/ (All)

PtUzrcr 2

Inasmuch as the flow properties are constant for a given value of r/rcr in the

radial-flow region, the differential form of the stream function may be integrated

for a particular value of r/rcr to yield

-=@ Ptp--W i - cos of
(Ai2)

The values of W, r/rcr , and ef at point C can be found by a method already

given. It is now required to know the real-gas relationship between P/Pt
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and W. For the case of an ideal gas with a constant heat-capacity ratio, the
relation between P/Pt and W is

i

P -(i- W2)7-I
Pt

(Al )

The corresponding real-gas relation between P/Pt and W is obtained from the

form of equation (AI3) and from tabulation of the quantity log P/Pt for various

values of log(l - W 2) as calculated for the real-gas isentropic expansion from

a given stagnation condition. A plot of log PlPt against log(l - W 2) based

on real-gas calculations showed that these quantities were nearly linear over

small regions. Tabulated real-gas values of PlPt and W were used with linear

interpolation between log P/Pt and log(l - W 2) for intermediate values of

P/Pt and W for the calculation of _ at point C by equation (AI2). The value

of the stream function _ at any point on the inviscid contour must equal the

stream function at point C, that is, _ = .

The general differential form of the stream function for axisymmetric flow

as given in reference 13 is

d_ = pya ds (AI4)

where y is the distance from the axis_ a is the local speed of sound, and ds

is the differential distance along a Mach line. This equation can be integrated

along a Mach line where s is taken as 0 at the axis, so that the nondimensional

form of the stream function at any point s on a Mach line is

_0 s

\rcr ]

(A 5)

The value of _ is calculated at each point of the characteristic network

by stepwise integration of equation (AIS) in which the real-gas relation between

P/Pt and W is used. The location of the intersection of the inviscid boundary

with any Mach line is determined when _ for a particular Mach line is equal

to _C" Points along the inviscid boundary are determined by interpolation

between adjacent points in the network which have values of _ that bound _C"
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Real-Gas ThermodynamicProperties

The calculations carried out in this work were based on the real-gas thermo-
dynamic properties of nitrogen presented in references 7 and 8. These data were
plotted and the various thermodynamic quantities along an isentropic expansion
were determAnedand tabulated. These tabulated quantities M_ W_and P/Pt
were then used directly in the machine calculations. The real-gas speed of sound
for nitrogen above i00 atmosphereswas based on the coefficients presented in
reference 8.
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APPENDIX B

BOUNDARY-LAYER CALCULATIONS

General Procedure

After the inviscid contour has been determined from characteristic calcula-

tions, the boundary-layer displacement thickness along the nozzle must be added

to obtain a physical-wall contour. The coordinate system for calculating the

displacement thickness 5* is shown in sketch (b).

r !

Physical contour

(nozzle wall)

J

__ Y /

Inviscid contour ....

r T

_x

0

Sketch b

!

The flow quantities Ul, pl_ and M I at the edge of the inviscid region,

and the flow angle 8f are known from the inviscid results. The corresponding

values of the static temperature at the inviscid boundary TI was determined

from tabulated real-gas values of TI against M I with linear interpolation

between I/T I and MI 2 for intermediate values.

The momentum equation used in this work as derived in reference 4 is

I 8*_]i dUl' i drl]C__f= d__e+ 2 + yj_ _ + i dPl+ e2 d_ ' Pl d_ r' d_
(BI)
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where r' is the radial distance to the nozzle wall. The derivatives of veloc-

ity, density, and radial distance with respect to distance along the nozzle

wall _ are calculated from differences between flow properties at successive

points along the inviscid boundary. The values of Pl and u I were taken from

the inviscid results at various locations.

Calculation of Shape Parameter for Real Gas

The value of the shape parameter 5*/e is calculated at each location with

the following integral equations:

5 1 P±'-d (B2)
PlUl

and

4e_= pu d
5 PlUl ' '

(B3)

The relation between the velocity profile and the variable of integration _/5

is assumed to be

(B4)

The exponent N in this relation is obtained at each location along the nozzle

from the following correlation:

N = 1.77 log NRe - 0.38
2OO

NRe
(BS)

where NRe is based on local free-stream properties and the local value of the

momentum thickness 8. This correlation is similar to that presented in refer-

ence 14 and is based on experimental data for Mach numbers up to 9. This corre-

lation was used to determine values of N for values of NRe that are beyond

the data for which this correlation was determined; however, the values of 5*/5

and e/5 have been found to be quite insensitive to N at high values of N.

The evaluation of equations (B2) and (B3) also requires a relationshiD

between the u'/u l' and p/o I within the boundary layer. This is obtained by

beginning with the Crocco relation between total enthalpy and local velocity in

the boundary layer as presented in reference l_.

= A + _/u' _ (_)
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where the total enthalpy at any point in the boundary layer is

= h + (u')2
2 (B7)

The constants A and B in equation (B6) are evaluated at the wall and at the

edge of the boundary layer_ so that the total enthalpy varies through the boundary

layer according to the expression

= +
u I '

(B8)

where hw is the static enthalpy at the wall.

The expression for the local static enthalpy, which includes real-gas effects

due to vibration but no real-gas effects due to pressure, can be written in non-

dimensional form as

o ( 1R% _b _ 2/T - l

In order that the real-gas effects due to pressure on enthalpy be taken into

account, equation (B9) is multiplied by a correction term which is equal to the

actual real-gas enthalpy found in real-gas thermodynamic tables divided by the

enthalpy calculated from equation (B9), both of which are taken at the same tem-

perature. This correction term is denoted as Q = h/h °, where h° represents

the enthalpy at low pressures. It follows that Q is a function of temperature

and pressure or any two thermodynamic functions. Since the entropy is constant

in the inviscid flow region, the quantity Q along the inviscid boundary can be

written as a function of pressure alone for a given stagnation condition. This

quantity can be represented by a power series in PI"

QI = 1.0 + APl + B(p I + C Pl
(BIO)

The wall temperature is known_ therefore the correction term along the nozzle

wall can also be expressed in a power series in pressure:

2 r 3
+ + (Bll)

where the coefficients A, B, C, D, E, and F in these equations are evalu-

ated empirically from the real-gas thermodynamic data.

The variation of Q through the boundary layer was taken to be linear with

respect to h° from the wall value Qw to the free-stream value QI" Plots
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of Q against h° for various pressures were found to be approximately linear

over a rather large range.

The equation which was used to relate the local velocity to the local density

in the boundary layer was obtained by combining equations (B7), (B8), and (B9)

and incorporating the pressure effect on enthalpy by the use of the function Q.

The local temperature T within the boundary layer is replaced by the quantity

T I

07_i so that the density and velocity within the boundary layer are related

by the equation

(BI2)

The solution to the quantities 5"15 and 018 as defined by equations (B2) and

(B3) is obtained by a quadrature method at any value of _ along the nozzle by

simultaneous solution with equations (B4) and (BI2).

Skin-Friction Relation

The skin-friction relation presented in reference 5 was used in this work to

calculate the local skin-friction coefficient. This skin-friction relation is

represented by the following three equations:

I-N 2 N-2_o-i

2 - (2oN) t_Re/ \_1 (B13)

T_=.LL Tw Tw - Taw(UL_ Taw - TI{UL_ 2

_l::r-7 - _l full 7£ t_/
(BI4)

and

l+c_

__ 2oN_-'_f/ms-,\N+l (Bl._)
Ul Re TI
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Equations (BI4) and (BIS) are combined and solved by iteration at each point

along the nozzle to determine TL. The resulting value of TL is then used in

equation (BI3) to calculate Cf/2 at that position.

Calculation of Momentum Thickness

The solution of equation (Bl) requires an initial value of the momentum

thickness e at the point where x = O. The effect of the magnitude of the

assumed initial value of e on the growth of e along the nozzle was investiga-

ted by choice of initial values of e of 10 -2 , 10 -3 , 10 -4 , and 10 -5 inches. The

results are shown in figure 17 which are based on the same inviscid conditions.
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It is seen that initial values of 8 which are 10 -4 or less do not significantly

affect the values of 8 downstream from the throat.

After the quantity dS/d_ is determined from equation (BI) at a particular

location, values of e for adjacent downstream locations are found in a stepwise

manner.

Nozzle Wall Temperature

The wall temperature enters into the calculation of 5* in equations (BII),

(BI2), and (BI4). Calculations for a constant wall temperature are straight-

forward. For a more realistic condition, the wall temperature was assumed to

vary along the nozzle with the wall hot near the throat and cooler downstream.

The expression used to describe these variations as a function of nozzle diameter

ratio is

Tr - A(y/y*)1"8
: (Bl )
i + B(y/y*)1"8

where Tr is the gas temperature at the throat. The constants A and B are

determined for an assumed wall temperature at the throat and an assumed wall tem-

perature for a large value of y/y*, respectively. This relation given by equa-

tion (BI6) is based on a very rough heat balance between the nitrogen side of the

nozzle and water-cooled passages in the nozzle wall. The term (y/y,)l.8 results

from the assumption that the heat-transfer coefficient on the nitrogen side of

the nozzle is proportional to the area ratio raised to 0.9 power, as indicated in

reference 16. It should be noted that this expression for the variation of wall

temperature along the nozzle was not developed to give an accurate prediction of

wall temperature but, rather, to give a reasonable variation along the nozzle
wall.

Iterative Procedure for Determining Displacement Thickness

The first estimate of 5* at a given nozzle position is found by assuming

that the nozzle wall is represented by the inviscid contour. This initial value

of 5" is then added to the inviscid contour to give a better approximation of

the physical wall. The value of 5* based on this revised contour is then deter-

mined and compared with the previous value. The various gradients are also

revised in the course of this procedure. This iteration process is repeated until

successive calculations of 5* at a given nozzle position differ by less than

0.001 inch.
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__C

COMPUTER PROGRAM FOR THE CALCULATION OF A NOZ_ CONTOUR

A computer program was developed for calculating hypersonic nozzle contours.

This program is written in FORTRAN language (ref. ii) and is presented at the end

of this appendix. This program facilitates the computation of the inviscid noz-

zle contour and the boundary-layer displacement thickness for a real gas based on

the methods presented in appendixes A and B.

Part I of the program determines the flow properties along the boundaries of

the inviscid flow region. A tabulation of T, i_ 2, I/W 2, P/Pt' based on a

real gas, is supplied to the computer together with the flow angle at point C and

the Mach number at point D (sketch (a)). The program prints the values of the

flow properties of points A, B, C_ and D. The program also writes on tape the

flow properties along the boundaries DE, DC, BC, and BA. These properties are

determined by the method described in appendix A.

Part II of the program computes the inviscid nozzle contour. The tabulation

of T, I/M 2, I/W 2, and P/Pt supplied in part I is also used in part II. The

tape written by part I and containing the flow properties along the boundaries is

used by part II. Beginning at point D the method of characteristics described in

appendix A is used to determine the flow properties along upward-sloping charac-

teristic lines in region II. These lines are computed from the boundary IX] and

are extended until the value of the stream function is equal to the stream func-

tion at point C. The final points on these characteristic lines define the

inviscid nozzle contour from point E to point C. Continuing from point B_ char-

acteristic lines are computed in region I from the BA boundary and are extended

until the value of the stream function is equal to the stream function at point C.

The final points on these characteristic lines define the inviscid nozzle contour

from point C to the throat. The flow properties of the points defining the

inviscid nozzle contour are printed and also punched on cards for use in part III.

Part III computes the displacement thickness along the nozzle and applies it

to the inviscid result to yield a physical contour. The flow properties at the

edge of the inviscid region are supplied on cards punched by part II. The values

of the constants used in equations (BlO), (Bll)_ (B16) and the variables such as

Pt_ uz, rl, _, Tw, and T r are supplied to the computer. The values of the

shape parameter 5*/e_ the skin-friction coefficient, and the momentum thick-

ness 8 are calculated at each point on the boundary as described in appendixB.

An iterative procedure determines the value of the displacement thickness 8".

The value of 5* is added to the inviscid contour to give a better approximation

of the physical wall. Finally, a second-order interpolation is employed to locate

points on the physical wall at desired increments. These interpolated points on

the wall are then printed.

The following program has been used on the IBM 7090 electronic data process-

ing system at the Langley Research Center to obtain the results presented herein.
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THESE ARE INPUTS REQUIRED FOR PART I P-53B.I

EMTAB=IIM2p|NCREASING VALUES,LIMIT OF I0[. VALDES

WTAB=I/W2BINCREASINC VALUES LIMIT OF IQC VALUES

RHOR_:RHO/RHOTfINCREASI_G VALUES LI_IT 0F IC_) VALUES

EMA=RACH NO. AT POINT A TYPICALLY=I.

THETC=THETA AT POINT C IN RAOIANS TYPICALLY=.239b_g51

EM0=MACH hO. AT POINT O TYPICALLY=IS.

N=NUMPER OF VALUES IN TABLE OF 1/_2

RLIM=LIMII RIRCR ABOVE _HICH DELTA _/RCP IS KEPT

WITHIN RERR OF 0RORCR TYPICALLY=_.90

RERR_ERROR LIMIT DR/RCR TYPICALLY=.©2

DELW=DELTA W INTEGRATION INTERVAL TYPICALLY=.01!I

DRORCR=OELTA R/RCR LIMIT

ALSO DELTA RIRCR USED ON DE TYPICALLY:.2

DDW-DELTA W REDUCTION TYPICALLY=.DOO_01

MAX=LIMIT TOTAL POINTS=2000

[BUG NOT=u FOR EXTRA PRINT,=O 0MET EXTRA PRINT

TTAB_T,OEGREES R,INCREASING VALUEStLI_IT OF I0_ VALUE3

DXBA=DELTA X ALONG RA TYPICALLY=._2S

DXCE=DELTA X ALONG DE TYPICALLY=.2

TOTAL NO. POINTS ON DE={SI_CR*I_)IDXEE

THESE ARE INPUTS REQUIRED FOR haRT [] P-S_P.2

AREA=_ FOR DOE AREAtl. FOE ARC AREAr2. TC EN_ CASE

START WITH CDE AREA

PRINT=O TO PRINT WALL POINTS C_LYl=}. TO PRINT NET AND W_LL POI'_T_

NAPRX=3=APPROXIUATIONS PER POINT

NN=NUMBER OF VALUES IN TABLE OF IiV2

THESE ARE INPUTS REQUIRED FOR PART Ill P-F0!'.I

RHOT=RH0 SUB T TYPICALLY=6.3U0hS|

VE=V SUB L TYP[CALLY=Dq77obhI_

RI=R SUB I TYPICALLY=55.159

Of=WHERE MU=(CIoT*_312)/(T*oDI_EIi TYPICAtLY=b._73E-T

El=CONSTANT [N _U EQUATION TYPICALLY:I.

El=CONSTANT IN MU _QUATIDN TYPICALLY=f00.

THI=TIIETA SUB I TYPICALLY=*O0'_

GC=32.1739

R=Ill_.68B

THB=CHARACTERISTIC TEWPERATURE OF MOLECULAR VI_RATIDN TYPICALLY=6JDS.')

O_EGA=EXPCNENT IN VISCOSIrY-TEMPERATURE RELATIONSHIP TYPICALLY=.76

TW=TW TYPICALLV=6S0. R

ERR=ERROR TEST USE .30005

Xm=SCALE FACTOR TYPICALLY=.2]_32

TLTC=I.=TLITI TYPICALLY=I.

JLIM=TDTAL N0. _F POINTS ON WALL=Nu. OF BINARY INPUT CARDS

DEBUG=_

N=_2NO, OF POINTS PER INTERVAL CAUSS INTEGRATION

L=SN0. OF INTERVALS GAUSS INTEGRATION

ACASE=CASE NUMBER

ALPHA=WHERE Q=ALPHA*BETA*P_GAM*P**2*TAU-P"_ ([Q. _I3I TYPIDALLY=I.

BETA=CONSTANT IN _ EQUATION TYPIC_LLY=.35_b_I2SE-7

5AM=CONSTANT IN Q EQUATION TYPICALLY:-.IS_9951_E-I]

IAU=CONSTANT IN Q EQUATION TYPICALLY=._26C35S_E-20

PR=P SUB R TYPICALLY=.72

TT)G-T SUB T_I TVPICALLY=5_L_. ._

T3=T SUB C TYPICALLY=_91.6P_

AP=WHER[ QW=AP+RPIPeCP_P_m2e0P_P_ (TO. PlOI TYPICALLY=I.

BP=CONSTANT IN QW EQUATION TYPICALLY=.I_T29_-_

DR=CONSTANT IN QW EQUAT{_ TYPICALLY=.II2llE-12

DP:CONSTANT IN QW EQUATION TYPICALLY=-.Ih72E-?0

HT=IH SUB T_IIIIR'T SUR C} TYPICALLY=_6.IPI7

APP=WHERE TW=ICPP-APPIYIY_I_I._}/II_BPP(Y/Y_)e*I.BI (EQ. P16)

TVPICALLY=C

BPP=CONSTANT IN T_ EQUATION TYPICALLY=0

CPP=CONSTANT IN TN EQUATION=TR TYPICALLY=6SG.

YSTAR=CONSTANT IN TW EQUATION IYPICALLY=I.

0PT:O IF C=QI_NOT=0 IF Q :_Or:_{

DIFN:ALLORABLE DIPFERENCE IN N TYPICALLY=.01

DIFC=ALLOWA_LE DIFFERENCE IN DELTA STAR RELATIVE TO Y TYPICALLY=*0:I

P-5]B.1

PART I COMPUTES POINTS ALONG DE_OC,RCIBA AND

SAVES THEM ON TAPE9

SUBROUTINE FINP IS FLOATING INPUT SUBROUTINE

SU6ROUTINE BIRD READS BINARY CARDS

SUEROUTINE BIPUN PUNCHES PINARY CARDS

SUBROUTINE GAUSS PERFORMS INTEGRATION

SUBROUTINE RWCF FINDS SLOPE OF CURVE

DIMENS[0N WTARII0£),EMTABII00I=WLDGT(1001.RHOLNTIIOW'I,
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IRHORT(1001pALCt]0),ALW(_)pALC(2_)_ _(230C},EV(2j00),

2RORgR(2000)_THETI(200_IBRORT(2_O_I,_KI2C0_ItTHETS£115)}tXBC(I$_It
3X_AIIOQ011WBA(100_),Y_CIISQI_WSCIIS01,THETDC(8_O),XBCIG00)t

S,TTASI|00)tEMSQTI10CI,TE_PIIOCI
CI_ENSION DER(ll0)

EQUIVALENCE (ENTA_I_U_Y1},{WTAB_CU_Y21*IWLO_T_DU_Y31,(RHOLN_

|DU_Y_II(TTAB,_U_NYS},I_S_TtDUM_Y6)
E_UIVALENCE(W,X_EIt(EM_XDE(2031))t(FM(|_¢I),Y_}_

lI_0RCRIYOEI6011),ITHETI,YDE(260])I_ITHET|(B_II_XB_),

2(THETII1801},WB_|IIRORT_BAI2_I)I

CQ_ EMT_B_T_WLOGT*RHOLNT_TTA_ENSQT

CO_ON RHORT_^tTHErC_D,Nt_SDE,D_BA,D_oDRQ_CR_
IDO_t_AX

C _E_S |NPUT CARDS

C FT_P IS FLO_TING INPUT SUSROUTINE

t_ERR,D[LWwDRO_CRt_DW,N_X_IOUG,TT_B_X_It_XDE)
C _ITES HEAD

WRITE _UTPUT T_PE 6j_
C C0_PUTLS I/T_2gW,LOG_II-_I_LOGE(RHO/_HCTI

DO _ [=I_N

_T_([)=]./TTAB{I|

E_SQTI|)zl°/E_T^_[I)

_LOGT(II=LOGFII.°WNI_21

RHOLNT(I}=LOGF(RHORTIII}
C REVERSES I/T TABLE

K_N

OO 1000 |_|_N

DO _00C I=lgN

C REVERSES _2 T_FLE

DO _OdC l-ltN

TE_PIK}=E_SQTI[I
300,_ K=K-1

DO _0:J0 I_I,N

C COMPUTES I/_A2 _ND INTERPOLATES I/WA2
0V_J_t./ENA_12

C FTLUP IS FL_AT|NG TASL_ LOOK UP _ND [NTERPOL_TIO_ SUBROUTINE

C_LL FTLUP(OVMA,OVW_IrNtE_TA_WTABI
C CO_PUT[S I/_D2 _NO [NT_RPOL_TES 1/_g2

OVP_=|./E_Dol2

CALL FTLUP(0V_t0VWDI|_[NTA_TABI
C COMPUTES WA

C CO_PUT_S WD
WD=SQRTF(]°/OV_}

C SET _/RCR_!

R0rCRIII=lo

C SET SU_=0

SU_=C
C SET SU_2=_

SU_2T0

INTEGRATION BY TRAP_Z0|DAL RULE FRO_ _A TC _D OF (_2-11/W AND SQT

ZTERN=(E_Ato2-1°IIWA

C COMPUTE WA POINT

_I1]=WA
ICOUNTs0

C tURN OFF LIGHT

IF(SENSE LIGHT 1)8_

8 DO 12 I'2BMAX

9 Wll)=W(I-II+D_

1FIWIII-WOI_,T_113

I1_ IFISENSE LIGHT 1} I151116
116 OW=_D-W(I-I)

SENSE LIGHT 1

GO TO 9
70VW=I°/_(IIQI2

C_LL FTLUP|OVW,0V_I_N_WTAS_E_T_B|

T_P2_SQRrFITENP)/_(I)

TE_P_IZTER_TE_Pllm°StBW_SUH

RORCR(|I_E_PF(°SeTE_P_I

I_(SENSE LIGHT 2161],609

611 SENSE LIGHT 2

60_ IFISEN$E LIGHT _1610t609

IF(SENSE LIGHT 21609f609

6_9 I_IRO_CRII)-RLI_IIO,60Z,6_2
602 IFIABSFIRCRCRIII-RORCR(I-11-DRORC_I-RE_IIC_I_60_

60] IFIRORCR(1)-RO_CRII-I|-DRORC_|6_k° I¸"

605 DW_DW-DDW
SENS_ LIGHT 2

IFII8UGISO00°SO01,SO0_

5000 _RITEOUTPUTT_PE6_92_II)IDW,RORCRII)

S0_1G_T_9
6d_ D_=CW+DDW

SENSE LIGHT 3

IF(IBUGIS002tSO0_.S_02

5002 _RITEOUTPUTTAPE6,]O2_(IItDWBRORCR(I!
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5003 GOTG9

fO TCMPS=(ZTERM2+TE_P21..5"OW+SU_2

IFISENSE LIGHT 2)_06,606

6Q6 IFISENSE L|GHr 3)607,60T

6_7 [FIIRUG]SC_,5005,5_0_
5_ W_ITEOUTPUTTAP_,302,_Z_,CW,RORCR_Z_

C EQUATION A6

5005 THFTI(I}=°5.TEMP3
ZTERM=TEMPI

ZTFRM2=TE_P2

5UP=TE_PW

SUM2=TE_P3

WLOC=LOGF(1.-W{[D.-2)

C_LL FTLUPIWLOG,RHOLN, I,NpWt0GT,RHOLNT|
RORTll}=EXPF(RHOLNI

ICOUNT=ICOUNT_I

IFlICOUNT-2_00)12,12,16g0

12 ^_([_=IOVW-I°}/OV_

C ICOUNT=NO OF THETIS AND RO_CRS STARTING W|TH THETI(21_NC RORCR{2}
C COMPUTE THETA|D AN_ THET_IC

115 THETID=THET[ITCCUNT+I)

C COMPUT[ THETA|,W,R/RCRI_IK AT POINT B

THET_8=TH_T_-2._H_TC
THET[C-THET[D-THETC

CALL FTLUP(THETTBDWB,I,TCOUNT,THETII2},WI2}I
CALL FTLUP(THETI_RORC_tl,_COUNT,THETI(2},RO_C_(_))

OVWB=I°/WB_*2

CALL FTLUPIOVWStOVMB,I,N_WTAB,E_TAB)

E_B_SQRTF(I./OV_8}
AK_=(OVW_-I.)/0VM_

C FIT CURVE TO 7 POINTS AND READ DK/O_B AT POINT

C STORE KS IN ALD BLOCK

J=2

DO 10_ [-2,1COUNT

IF(EM(I_3}-EMB) t00,]00.|C2
102 ALDIJ)=EMI|)

AL_tJ-I)=_K(T)

J=J+2

_f(J-81 101,103tt0!

_03 JIJ+2

10t [F(J-16J l_0,10k,|OW
100 CONT['_UE

10_ _LD(8_=EM8

C SHA_E SUBROUTINE RWCF _S USED FOR SECON_ DEGREE POtYN0_I_L
C LEAST SQUARES CURVE FITTING ROUTIN_ USING ORTHOGONAL P0LYNO_ONIAL$

CALL CF2FI{_,ALC,0,ALW,ALD,2_7_

C_LL CF2F2(EMB_ALC,2,DER_,2)
DKD_B=DER(_)

C COMPUTE W,R/RCR,M,RHO/RHOT,K,X_A_,Y_PS| AT POINT C

C_LL FTLUP_THETICBwC,t,ICDUNT,THET_I2|oW{2)}

CALL FTLUP(TH_TICtRORCRC,_,TCOUNT,THET|(2),RORCRI21}
OVWC_I./WC*.2

CALL FTLUP(OVWC,OVMC,I,N,WTAS,E_TAB)

E_C_SQRTF(I°/OVMC)
WLOCC=LOGF{]°-WC-12)

CALL FTLUP(WLOGC,RHOLNC,|_N,WLOGT_RHOLNTI
RORTC=EXPF(RHOLNC_

AKCml0VWC-|°)/OVMC

C E_UAT|0N A9

_C_ORCRC_$1NF_TH_TC_

C EQUATION A|2
PSIC=RORTC_WC-RORCRC._2.11.-COSF(TH_TC})

C COMPUTE DM/DRORCR AT POINT

1DKO_8-AKB/E_B}}

C COMPUTE R/_CR AT POINT A
_ORCRA=RORCRB-(_MB-EMA)/_O_

C COMPUTE X _T POINT C

XC=RO_CRC-C_SF(TH_TCI-RORCRA

NA_PT$-0
N_CPTS=_

NDCPTS=0

Kz!

Jxl
_0gl L_[COUNT+|

D0 300 1=2,L
_QQ2 [F_THETZIII-TH_TIBJ |_,_6, T6

16 I_(THETIt[I-THETIC) ]3,1W,lk

C COMPUTE THETA,Y,W,X AT POINTS ALONG BC LIMIT OF 150 POINTS
13 THETBC(J)=THETIIT}-THETIB

C E_U_TJON A_

Y_CCJI=RORCR(I)IS]NF_THETBCtJIJ

W_C(JI=Wtl)

XBC(J}_RORCR(||_COSF(THETBCIJ)}-RORC_A
NBCPTS=NSCPTS_I

IF(J-150)]_O0,_00,1600

C |F NO. OF POINTS EXCEEDS STOR_GE,PRTNT OUT HERE

C AND STOP

|_00 WRITE OUTPUT TAPE 6,5_O,J,K,[.ICOUNT
CALL EXIT

1300 J=J_]

GO TO 300

C COMPUTE THETA,X,Y,PS[_W,RHO/RHOT AT PO|NTS ALONG CD LIMIT CF 8_
£ POINTS

I_ THETOC{K)=THETIC-THETL(_)

X_CIK|=RORCR(_).CCSF(THETOCIK])-RORCRA

C EOUATION _9

C EOUATION _12

PST_CI_)=RO_T(1)*_(T)-RORCRtl}_.2.11°-COSF(THETOC(K_}]
WDC|K}=W([}

_3



!_DEPTS=_DCPTS+I

RORTOC(K)=RORT([)

lF{K-_00)I_00tlW00,160_

K=K_I

GO TO 300

NA_PTS=NABPTS+I

]00 CONTINUE

_00 NAP=0

gX=.

X_=RORCRB-RORCRA

SAVE=RORT(ICOUNT+I)

SAV_2=RORCRIICOUNT÷ll

COMPUT_ POINTS ALONG RA LIMIT OF IGC_

DO221=ItBAX

XBAII)=XB-DX

IF(XBA(li)690_601_6nl

TEM =XB_II)oO_OR_I.

OVM:Io/ITE M I=J2

C_LLFTLUP(OVM,OVW,I_N,E_TAB,WTABi

WB^II)=SORTF(I./OVW)

I_11-1000)1590,15_0,1600

NAB=NAR+I

IFIXBA(I)I22,2],22

OX=OX_I)XBA

COuPUTE S/ROB AT POINT D

SORCR=$QRTF((2°*PSIC)/ISAVE IIW_/EMDQo2)))

ENDE=NUMBER OF POINTS ON DE LIMIT OF _W,_(

ENOE=ISORCR41U.)/0X_E

EMUD=ARTN_FII./EMC,SORTF(lo/EM_I_I2)

NDF=ENDE

DSSMU=CRORERwSINFIEMUD)

CSC_U=_RORCR*COSFI[MUC)

FLT=|.

DO 211 I=I_NOE

C0uPU[E _,Y OF POINTS ALONG OE

X_E(I)_XCC(N_EPTS)÷FLT_DSC_U

YD[(1)=FLreDSS_U

IF{I-3_00)211,211,1600

FLT=FLT+I.

RORCRD=SAVE2

WRITES gM/DRORCR _T POINT B

WRITE 0bTPUT T_PE 6,3_I,OuOR

THETAA=0

XB=BORCBB-RORCRA

YP_

WRITES _FADING

WRITES THETA_X,YtW,_,B/RCR FOR AIB_C_D POINTS

WR[I£ OUTPUT TAP_ 6_]03

WRIIE OUTPUF TAPE 6,31C,XA,YA,E_A,WA,RORCRA_THET_

WRITE OUTPUT TAPE _,_'5_

WRIIE OUTPUT TAPF 6,_II,XB,Y_,E_,WP,RORERP_EHETI_

WRITE OUTPUT TAP[ 6r]_3

WRITE OUTPUT TAPE 6,_I2_XC_YC,EMC,WC,RORCRC_TH_TIC

WRITE OUTPUT TAPE 6_303

WRITE OUTPUT IAPE _3_3,XDCIN_CPTS)_Y_,E_D,W_,RORCB_,THETIO

]3] FORMAT[IH IOX1HXl6XIHYI6XIHM16XlHWI_XSHR/RCRBXBHTHFTAI)

_13 FORMATI_H A=IEI6°8,SEIB.8)

31_ FOR_AT{]H B=]EI6._SE16.B)

_12 FORMAT(]H C=I[16o_,SEI6,B)

_13 FOBMAT(]H D=IEIBo8,5[16.B)

WRITE TAPE q SAVING INFORMATION _BCUT ALL PCINTS ON AB,_C,CD,_E

REWIND g

WRITE TAPE 9,PSIC,WD,N_IXO_(L)_Y_E(LI,L=I,NDE)

_=N_CPTS

OO _05 I=I,NDEPTS

BOW WRITE T_PE 9,(XDC(KI,YOC(K),TttEFCCIK),W_C(KI,PSIOCI_),

IRORIDC(K))

tFR0=t

WRITE TAP_ _,(ZERO,ZERO,ZER0tZERC,ZEROtZER0}

N=_oINBCPTS_ll

WRITE TAPE 9,PSIC,N,(XBC(I),Y_C(1),TH_TBC(I),WRCIII_I=I,NBCPTS)

WRITE T_PE _,XC,YE_THETC,WC

DO _0_ I=I,N_B

_03 WRITE TAPE q, XBAiII_W_AI[I

WRITE T_PE 9_ ZER0tZER0

REWIN0 g

TAFLES _RE $_VED IN C_PMON STOR_GE FOR N_XT CI_[N

CALL CHAIN (2,B3}

332 FORMAFI6E|?.8)

3_ FORMAT(_lg.8)

]UI FORMAT(&H CMOR=IEI_._)

_05 FOBMAT(_HIP-5_6.I/I

Sg0 FORMATIWI_2I

END

1W00

IT

C

690

50_

150_

22

C

23

C

C

2_

C

P-538o2

PART l| NOZZLE CALCULATION

TABLES ARE ALREeDY IN COMMON STOR_G_ FROM PREVIOUS CHAIN

PART IT COMPUTES POINTS ALONG WALL FROM E TO C

AND FROM C TO THROAT,

PSI ALONG WALL=PSI AT POINT C
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C PUNCHES XeY,MtW,RHCIRHOTeTHETA,T OF WALL POINTS

DIMENSION STORI_O001,TEMP(101,EMTARIIv0),WTAB(I001,WLOGIII0_),

IRHOLNT(IO0)

2,TTABIIOOI,EMSQT(103)

EQUIVALENCE IEMTAB,DUMMYII,(WTABtDUMMY2I,(WLOGTtDUMMY3I,(RHOLNT,

IDUMPY_It(TTABeDUMMYS)eIEMSQTeDUMMY61

COMMON EMTAB,WTAB,WLOGT,RHOLNTpTTAB_EMSQT

COMMON XApYA_THA,WA,FAtPSIA,XSeYB,THDtWBtXEfYC,THC,WDtFC,PSIC,_MCt

IAMUC,SMUCeCMUC,TMUE,PPC,YAVITHAVIWAVIAMAV,AMUAV,SMUAV,CMUAV,TMUAV,

2STHAVpYBV_THBV,WBVwAMBV,AMUDVeSMUBV,CMU_V, TPUBVISTH_VfXLIMtYLI w ,

3AMLIMtWLIM,PPL[M,THLIM,TLIM,PLIP,AMUL,SMLIM,C_LIM,TMLIM,THP_ ',

hTANPeTH_MwSINMrCOSMpTANM,XATY,ACL,_CM,TEMP,W_tP,NtI*JtARFA,PRI'_T,

_NAPRWfNN,ALNW,ALNP

6,SINPpEOSP,STOR

FLIMFIXC,XA,P)=PIIXC-KA)_XA

REWIND 9

C TAPE 9 FRCM CHAIN I CCNTAINS

C RED 1 PSIC,WDe_NDE,X AND Y OF ALL PTS O*I TO E

C RED 2 X,Y,THEEA,W,PSI,RHO/RHOT OF EACH PT _ TDC-I

C .......

C RECI2_NOCPTS) O,O,O,O,O,O

C REEI3_NOCPTS) PSIC,_(_BDPTS÷I),X,YeTHETA,W CF ALL PTS B*I TO C-I

C RECi_NDCPTS) X,Y,THETA,W OF PT C

C RECIS*NDCPTS) X,W DF EACH PT 8 TC A¢I

C .......

C REC(S*NDCPTS_NA_PTSi 0,C

28 CALL F[NPI_,AREA,PRINT,NAPRX,NNI

IFIAREA-I.) _l,_l,aO

_3 CALL CHAINII,_31

C READ IN A LINE TO STOR

C READ IN PT ON B LINE T0 C PT

bl WRITE OUTPUT TAPE 6,132

IF(AREA) 1A,19,18

18 REA_ TAPE 9,PLIM,N,ISTDRIJItJ=SrNI

K=N44

I=N*I

READ TAPE 9e(STCR(J)eJ=J,K)

XLIP=STORIN+I]

YLIM=STOR(N_2]

CALL APCMUISTO_IN_4IeSMLIM,rPLIMeAPUL_AMLI_,D_LIN)

rHLIM=STOR[N_3)

WLIP=STORIN÷_|

CALL PPT{WLIM,PPLIMI

EMS¢=AMLIM_AMLIM

C SUBROUTINE FTLUP INTERPOLATES IN TABLE

CALL FTLUPIEMSQ,TLIM,I,NN,EMSQTII)=TTA_(I}I

TL[U=1.1TLI u

CALL BIPUNIXLIM,TLIM}

WRITE OUTPUT TAPE6,100_XLIM_YLIM_AMLIM,WLIM_PPLIM,THLTP,TLIM

READ TAPE 9,(STDR(IItSTOR(a})

STORI2I=J.

STOR(31=0.

GO TO 22

E READ IN LINE DE AND A POINT FROM DC

lg READ TAPE 9,PLIM_WO,N,ISTORIJ),STORIJ_]]_J=I_N,_I

READ TAPE 9,XC_YC_THC*WE,PSIC_PPC

DO 21 J=I,N,W

C THETA=O AND W=WC FOR ALL PTS 0N DE

STORIJ*2I=D.

21 STCR(J_31=WD

20 IFIAREAI 22,23,22

22 READ TAPE 9_XC,WC

C Y=3,THITA=0,F=O_PSI=_ FOR ALL PTS ON BA

YE=_.

THE=0*

FC=_.

PSIC=_.

GO TO 2_

C READ IN NEXT POINT FROM DC AND COMPUTE NEXT LINE

23 READ TAPE g_XC,YC,THC,WCtPSIC,PPC

CALL AMEMUIWC,SMUC,TMUC,AMUC,AMC,CMUCI

FC=PPC*WCIYCeSMUC

2_ IFIWC) 25)28)25

D AFTER C IS COMPUTED MOVE STOR TO B AND MOVE C TO A AND TO STDR

C WHEN PSI REACHES LIMIT COMPUTE END PF

25 IFIAREA) 10,II,10

10 N=I

GO TO T

11 N=5

GO TO 7

6 N=N+_

T XB=STORINI

Y_=STORIN+I)

THB=STORIN_2)

WB=STOR(N+3I

XA=XC

YA=YC

THA=THC

WA=WC

FA=FC

PSIA=PSIC

IF(AREA) 12,t3.12

12 STORINI=XC

STORIN÷II=YC

STORINe21=THC

STORIN+3I=WC

GO TO 14

13 STORIN-h)=XC

STOR[N-3I=YC

STORIN-2)=THC

STORIN-I)=WC

It CALL GENPT
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IF(PRINTI 2T,20t27

27 WRITE OUTPUT TAPE 6tlUOeXA,YA,THAeWAeFA,PS[AeX_,Y_,TH_WBfXE,YE,

IA_EBWCmPSIE,PPCIFCpTHCBA_UC

C COMPUTE ALONG AN UPWARQ SLOPING CHARACTERIS11C LINE UNTIL PSI

C LIMIT IS RBACHED

26 IFIPSIC-PLIM) 6,8,e

IFIAREAI 1S,16p15

15 STCR(N_)=XC

STOR(_5)=YC

STORIN_6)=THC

STGRIN_TI=WC

G_ TO tT

16 STOR(N}=XC

STOR(N_|)=YC

STOR(N+2I_THC

STCR(N+3I=WC

1T P=(PLIM-PSIAI/IPSIC-PSIA)

XL1M=FLIMFIXCtXAtP)

YLIM_FLI_F(YCtYA,P)

THLIM=FLIMFtTHCfTHA,PI

WCIM=FLIMFIWC,WA.PI

CALL AMCMUIWLIM,SMLIM,TMLIM,AMUL,AMLlU,EMLIMI

CAlL PPTIWLIM,PPLIMI

E_SQ=AMLIMtAMLI_

CALL FTLUPIEMSQpTLIMII,NNtEMS_T(1),TTAOIII)

TLIM'I°/TLIM

C PUNCH XBY,MrW,RHC/RHOT_THETAjT

CALL BIPUNIXLI_pTLI_I

191 FORMATI1H 3EI_*BI

C PRINTS XwYwM,WpRHO/RHOT_THETA,T CF WALL POINIS

WRITE OUTPUT TAPE6oIJGtXLI_IYL1MoAMLIMtWLIMtPPLIM,T_LI_,TLI_

)0_ FORMATIIH 7EI6._I

102 EORMATIIH ?XIHXI6X1HYI6X_HM)6X1HWI1XBHRHO/BHOTgXSHTHETAI3X1HT}

GO TO 2)

EN_

SUBROUTINE PSLIWXwPPX)

SUBROUTINE PSI COMPUTES PSI GIVEN W AND RHOIKHOT

_IMENSION STORI_O00),TEMPII_)_E_TABII30),WTABII00ItWLOGTI13J),

IRHOLNTII_0)

2_TTAB(100I_EMSQTII0riI

EQUIVALENCE (EMTA_,_UMMYI),(WTA_,_UMMY2),IWLOOT_DU_MY3_o(RMOLN_

IOU_Y_)_(TTA_,DU_YS)_(EMSQT_OUM_Y6)

COUMON EMTABtWT_B,WLOGT_RHOLNTt_TAB,[MSQT

CO_MO_ XA,YA_TH_WA,FA,PSIAtX_,Y_THB_W_,XC_YC,THCIWC,FC,PSIC,A_Cp

IA_UCpSMUC_CMUC,TMUC,PPC,YAV_THAV_WAV_AMAV_AMUAV,SMUAVrC_UAV,TMUAVe

2STHAVtYBVtT_BV,WBV,AMBV_AMUBV,SMUBVtC_UBVtTMU_V_STH_V_XLIM_YLI _ ,

_A_LIM,WLIM,PPLIM_THEIM,TLIM,PLIM_AMUL_S_tI_,CMLIM_TMLIMoTHPM B

_TANP,TH_M,SINMICOSM_TANM_XATY,ACL,BC_,TEMP,W_,P_N_I_J_AREA,PRINT,

5NAPRX,NN_ALNWtALNPoSTOR

6_SINP_COSP

CALL PPTI_X,PPX)

FC=PPX_XoYE_S_UC

PSIC'PSIA÷°SI(F_FCI_S_RTF((XC-XA)mIXC-XAI÷IYC-YAI_(YC-YA}I

RETURN

EN_

SUBROUTINE PPT(WX,PPXI

SUBROUTINE PPT COMPUTES RHOIRHOT GIVEN W

DIMENSICN STORIWOO_)tTEWP(IOItEMIAEII_O)tWIAPIIO0)pWLOGTII0_),

IRHOLNT(IO_)

2,TTABII00IeEMSQTII00)

EOUIVALENCE IEMTABIDUMMYII_IWTABt_UMMY2}t(WLOGT_UMMY3I,IRHOLNT,

IOU_RY4I,(TTAB_CUM_YSI,IE_SQT,OUMMY6I

COMMON C_TABoWTAB_WLOGT,RHOLNT_TTAB,EMSQT

COMMON XA_YAtTHAtWA,FA_PSIA_XBeYB_IHB_WBtXC_YC_THC_WC_FCtPSICoA_C,

IAMUC,SMUC_C_UC_TMUC_PPC_YAV_THAV|WAV,AMAV_AMUAV,SMUAVtCMUAV,TMUAV,

2STHAV_YBV_THBV_WBV_AMBVeAMUBV_SuUOV,CMUBV,TMUBVeSTMBV,XLIMoYLI _ ,

_AMLIM_WLIM,PPLIM,THLIW_TLIM_PLIMtAMUL,SMLIM_CMLIM,T_LIM_THP_'_

_TANP_THMM,SINM_COSM_TANM_XATY_ACL,BCM,TEMP_WD,P,N,I_J,AREAtPR[NTt

SNAPRX_NN_ALNW_ALNP,STCR

6,SINP,CBSP

ALNW=LOGFII.-WX_WXI

CALL FTLUPlALNW,ALNP,I,NN,WLOGrlIItRHOLNTIII)

PPX=EXPFIALNP)

RETUR_

EN_

SUBROUTINE THMITHX_TANX_COSX,AMUX_TH_X,SINX)

SUBROUTINE TH e CO_P_TES COS,SIN,TAN OF (THETA-MUI GIVEN THETA AND

MU

DIMENSION STORI_OQ0),TEMPIIC|,EMTAB(10_I_WTAB(10_I,WLOGT(I_}_

IRHOLNT(10OI

2,TTABI_00}_EMSQTII00I

EQUIVALENCE (EMTAB_DUMMYI),(WTAB,_UMMY_)tlWLOGT_DU_MY_},IRHOLNT_

I_U_MY_I,(TTABe_UMMYSI_(EMSQT_UMMY6)

C0_MON EMTAB_WTAB_WLOGT_RHOCNT,TTAB,EMSQT

COMMON XAoYA_THA,WAeFA,PSIA,XB_YB,THB_WB_XC_YC,THC,WC_FG_PSICtA_Ct

IAMUC_SMUC_CMUC_TMUC_PPC,YAV,THAV_WAV_A_AV,AMUAV_SWUAV,CMUAV_TMUAV_

2STMAV,YBV,THBVoWBVtAM_V_AMUBV,SMUBV_CMUBVeT_UBV_STH_V_XLIMtYLI_,

_AWLIM,WLIM,PPLIM_THLIM,TLIM.PLIM,AMUL,SMLIM_CMLIM_TMLIM,THP_

_TANP,THMMtSINMtCOSM_TANM,XATYtACLtBC_TFMP,WD,P_N_I,_AREA_PRINT_

SNAPRX_NN_ALNW_ALNP,STCR

_,SINP,COSP

THMX=THX-AMUX

COSX=COSFITHMX)
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SINX=51NF { TH'_X)

TANX=SINX/COSX

RE [UR_:

ENO

SUBR0bl I NE [HP ( THX, T ANX,CDS_ IA_UX. THPX, S I F,X )

SU_ROUTINE [HP C0_PUTES COS,SI Q,TAN OF (THEIA_MU) GIV_f_ TF_FTA A'_D

MU

DIMENSION STOR{&00 ]} ,TEMPI I J) , EUTAB(Eli) , WTA_( 10 ) ' _LDGT ( I'3" ) '

IRH._LNTI 1001

2,TIROl I001 tE_SQT ( 10( )

1DUuP_Y_ I, I t TAB, DUMPY5 ), { E MS_T, F:b_Y6 ]

CO_MON EMTAfl,WTA9,, WL 0GT, RHOLNT _ IT A_, E_SCT

CO,NON XA_YAt THA,WA,FA.PS I A* XB,YD,THB,WF_, XE ,YC, THr,WC,FCIp$1C_C'

I AMUC, SNUC, C_oUC, TMUC, PPC, Y AV, Tllr_ ¢, WAV, ANAV, ANUAV, S_UAV _CWbAV, TMU &V _

2 S THAV, Y BV, THPV, WBV, AMBV, A_'U P,V, SwUOV, CMUPV • T_URV _ S THPV, XE I u, YI I _ ,

_AWLIM_ _LIM,PpL lw, THLI_TL IM.PL [_, AP_LIL_ SMLIM,CWL I_, TF_L I_ THP_,

aTANP, EHMM,SINW,COSM, TANM_XATY, ACL _RCW, TEVP,WU,P, N, I ,J, A,AE A _PRIN T,

5NAPRX, NN, ALNW, ALN$_. S T0R

G,SINP.COSP

THPX:THX*A_UX

COSX=CCSF ( THPX )

SINX=SINFITHPX}

TANX=S INXICOSX

RETURN

END

SU_ROUTINE AMCMUIWX_SUUX,TVUX,AMDX_A_X.C MUXI

SUBROUTINE AMC_L' C0_PUFES MU ANC_ GIVEN W

DI_ENSION STOR(_Q02),TEVP{I'_).E_TAB(I00),WTAB(10C),WLOGIIId')_

IRHOLNT(100)

2,TTABII001,E_S_TIIOU)

EQUIVALENCE IEMTAB_OU_MYII,(WTAR,DUMMY2I_(WLOGT,OUMMY3I_IRHDLNT_

IDU_,Wyw]_(TTAB_DUMMYS)_IEMSQT,PU_uY6)

COMMON EMTAB_WTAS,WLOGT.RHDLNr,TTAB,E_SCT

CO_M0_ XAIYAITHAI_A,FA_PSIA,XR,YR•THB,WO.XC,YC,THC_WC_FClPSICIAmC_

IA_UCISMUC.CMUC,TMUC,PPC,YAV,THAV,WAV,AMAVlA_UAV,SmUAVICMUAVeTMU_V,

2STHAVIYBVITHBV,WBV,A_BVIAMURVIS_U_V,CMUBV,TMU_V,STHPV,XLIM_ YLI_,

_AmL|MIWLIM_PPCIM•THLI_ITLIWlPLI_,A_HL_SWLIM_C_LIm,TPLIU, THpu ,

_TANP,T_IMMeSIN_,COSM,TAhU_XATY,ACL,BCW,TE_P,WU,P,N.I•JIARFA, PRINT ,

5NAPRX_NN,ALNW_ALNP,SIOR

6.SINP,COSP

0W=I.IIWXeWX]

CALL FTLUPIOW,0M,I,NN,WTA_(}I,F WIA5lII)

S_UX=SCRTF[0M)

A_X=I./SMUX

C_UX=S_RTF(I.-0NI

TMUX=5_UX/CNUX

A_UX=ATANFIT_UX)

RETURN

SUQRObTINE CENPT

SUBROUTINE CENPT COMPUTES GENERAL POINT _Y THREE DI_ENSIONAL

IRROTATIONAC FLOW EQUATIONS MAKING AS M_NY APPROXIMATIONS AS

DESIRED

AVRGF(THA_THC)=.5_ITHA÷THCI

DIMENSION STORIa_05],TE_P(Iu),EMTAS[10_}, WTA_(1001_WLOGT(I'_)_

1RHOLNT(13_I

2,TT_BIlO0),E_S2TIIg2]

F_UIVALENCE (EMTAB•DU_MYI),IWTAS,DU_NY2)_ (WLOGTeOU_MY_I'(RHOLNT'

1DU_MY_3_ITTABeDUMMYSI_IEMS_T,OUMMYA}

COMMON EMTAB,WTAB•WLOGT_RHGLNTeTTAB,EMSQT

C0_MON XA_YA,THA_WA,FA,PSIA_XReYB,THB,WB•XC,YC,THC_WC_FEePSIC,AMCe

IAWUC_SMUC,CMUCeTMUCePPC_YAV,THAV_hAV_APAV,AMUAV•SMUAV_CMUAVeT_UAV"

2STHAV•YBV*THBVeWBV•A_BVeAMUDV.SMUPV,C_UBV,T_UBVeSTHBVe XLI_•YLIM'

_AMLIMeWLIM_PPCIN,THLI_eTL]M_PLI_,AMUL,SMLI_,CPLIMeT_LI_I THp_'

_TANP.THMW,SINM_COS_oTANW_XATY_ACL,BC_,T[E'P,ND,P_N_I_J_ AREA_nR|'_T_

5NAPRX_NN_ALNW,ALNP,STOR

6,SINP,CCSP

O0 5]=I,NAPRX

IF(E-I) W,3,_

THAV=THA

THBV=TH_

WRV=WA

WOV:W_

3_ CALL AMC_U[WAV,S_UAV,TMUAV,AWUAV,AMAV,C MUAV)

CALL AMC_U{WBV•SMU_V_IMUBV,A_UBV,AMQV_CMU_V)

CALL THPITHAV_TANP_COSP,AMUAV_THPM,SINP)

CALL THM[TH_V_TANM•COSM,AMU_V,THM_ SINM)

STHAV=SINFITHAVI

STHBV=SINF(TH_VI

XATY=XAeTANP-YA

XC=IXATY_YB-XB_TAN_IIITANP-rAK _ )

YC=XC_TANP-XATY

ACL=SMUAV_TPUAV_STHAV/CCSP

_CM=SNUBV_TMUBV_STHPV/COSM

YAV=AVRGF[YA,YCI

YBV=AVRGFIYB,YC)

IF(YAV+YBV) 1,2,1

I TEMP=-THA_TMUAV*IXC-XAI_ACL/YAV

TFIC=(-WA-WAV_TE_P+WB+WBV_ITHB_TMU_V+IXC-XP)_RCM/Y "VII/

I[WAVeTMUAV_WBVeTMU_V)

WC=WA*WAVe(TMUAV_THC*TL_P)

GO T0 S
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2 THC=I-WA_B)/I2.'(WAVeTMUAV_WBV'TMUBVI)

WC=WA÷WAVJ2.tTMUAVoIHC

GO TO 5

THAV=AVRGFITHA,THC)

TH_V=AVRGF{THB,THC)

MAV=AVRCFIWApWC)

NBV=AVRGFIW_,WC)

GO ro 3J

5 CCNTINUE

CALL A_CMU(WC,SwUC,TMUC,A_UC,A_EtCPUC)

CALL PSIIWCrPPC)

RETURN

END

C P- 700. I

C PART Ill COMPUTES BOUNDARY LAYER USING

C _ALL POINTS PUNCHED _Y PART II

DIPENSION FS (2) ,SUM(2) pANS 12 ) , X ( 2000 I r Y{ 200C. I pW( 200[;I IRRT(2_.0j]

ITHFI2000) r Tl (2000) ,SVY120UJI , SVDELTI 2_OP) rDEL S12000) _YYI2]0 _}

COMMON OPT

COMMONT] _RRI , T0t THB_ _SUM,CW= EN r ERR IU I _ HWt R,HT wCON_ t CON2,

ICONI T pHpQ_FR,FPRtH_vHWS,Kt RHO[ vQI FXtY, WtRRT_ THF, SVY, SVDELT.DELS t YY

2 ,RHOT,VE jR I,CI ,I]I,E I, TH[,GCp

3 OMEGA,TWr XU, TLTC, JL LM t DE _UG,N, L, ACASE, ALPHA j

RBETAtGA_pTAU,PR, IT IG. Xl ,YI _EMI ,WI,RRT I ,THFI ,T [ I ,

S TLI [ , rT11 v THETA,DXB,DU,

6DRtOYt Pl , E'_U _RETtl, TE_P, F T, r TPR IH ) _ OSOEL,

7THDEL u TAWt ALP,CW pC2, C _,C4, FT r ; F TTPR f H2,CF2, _STH_

_DTOX_YPD_0EL

9 tDPtCPIBPoAP, HI

I WRITE CUTPUT TAPE 6_2S

25 FORI'_AT ( I H 6X 5HACASE 1 _XkHRHOT 1 hX2HVE 1SX2HR I | SX2HE | I S X2H[3 I

I I 5X2HE 117X3HTH I I5X2HGC ISX IHR'ISX3HTHB

21 _XSHO_EGA IRX2HTW ] RX_HE RR/BX2HXM }_IXhHTLTG

312X_HAL PHA I ]XI*HBETA _ _X3HGA_ IRX_HThU } _X2HPR/

I_TX L_HTT ] G lkX2HTO I_X2HAP I_X2HBP t _X2HCP 1 _X2HDP I_X2HHT)

103 FOR_ATIIH TEIT.8)

1O0 FORMAT I 1H_I6E 1T.el6E 1 l._)

CALLF INP139_RHOTtVE _R I _C I_DIt E ] _THI_GC,Rt THE _OMEGA=

) TW _ ERR,XB* TLTCv JL lu_ DEBUG _N_ L _ ACASE _ ALPHA, 8E TA_GAM_

2TAU_ PR* TT IG_ T_,AP, BP,CP*DP,HT _ APP_ BPP_ CPP _ YST ARt

_OPT,DIFN_DIFD)

WRITEDUTPUTTAPE6_ 10_,ACASE _RHOT,VE_R I_C I _DI _ E I _THI *GC _R _TH_ _0M[ GA,

I TW, ERR, Xw, TLTG*ALPHA _ BETA.GAM, TAU _PR, TT IG

2_T_ tAP,BP_CP,DP,HT

26 FOR_ATIIH 8XIHXI6XIHYI_XSHTHETAI_XRHCFI2

I I_X IHN IkXbHTH/_EL/5X?HY*DELST I IXSHDEL ST 1 ]X_HDFL

21kXI_HRETHI 3X_HTL I 110X9HOEL STIDEL I

J=JLIM

C SUDROUT[NE BIRD REA_S BINARY CAR_5 CONTAINING X,Y,M,W_RHOIRHOT,

C THE TA, r

C LIMIT OF 2000 CARDS

C REAC IN WALL POINTS EXIT TO THROAT

C _ULTIPLY X AND Y BY X_ W AND STORE THROAT TOEXII

I00O CALLBIROIXI,TIII

XIJ)=XI_XM

YIJ}=YI_XM

WIJ)=WI

RRTIJI=RRTI

THFIJI=THFI

TIIJI=TIl

SVY(JI=YIJI

50 SVDELT(J)=O

J=J-|

IF[J)81_81s100_

Bl TLTI=TLTG

TTI|=TT1G

THETA=THI

WRI TEOUTPUTTAPE6_26

SENSE LIGHT 1

2 DOBOJ=I,JLIM

K=J

RHO I =RRT ( J )IRHOT

UI=WIJ)IVE

PI=RI_TIIJI_RHOI

EPU=[C l_(T I{ Jl_. l._) )I( ITIIJI,_DII*E II

EOUATION _lD

IFIPI-20000. 12C3_203,2_R

203 _1:I.

GOTCR

2_h QI =PI* ( P flIP I'(TAU)÷GAM) +_ETA)÷ALPHA

IF (TH_/TTI 1-2_. ) 120, 12C_ 101

10t FT=VE*VE-_ I* ( 7. iTT 1 1*R )

FTPR=-(_I_IT.eR)

Gor0 I,_2

12_ TE_P=EXPFITHB/TTI 1)

FT:VE_VE-_I*( 7.iTT 11_R+I2°*R*THBI/(TEHP- I. ) l

FTPR=-QI*( 7..Re( ( ( THB*THR-2. +RIll TTI I*TTI 11 l'TEUP)

1/[ ITEMP-1o)_2)}

102 HI=-FT/FTPR

TTII=TTII*HI

[E IABSF (HI/TT 1 1 )-ERRI 5_ 5_1

EQUATION 81_>

5 I FICPP}_0C ,_.01,RC0

_01 TW=TTII

GOTCR_2

riO0 TW=ICPP-APP_ ( SVY(J } IYSTAR} _I 1.B} III. I'_PP_[ $VY(J )IYSTAR )_ I ._ I
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C EOUATION BI1

W02 IF(PI-20000.}205.2_Sp206

205 QW=I.

GOT0207

206 QW=PImIPI*IPItI_P)+CP)+BP)÷AP

20T IFITHBITW-2_.)|_4,10W,10S

105 HWS=I/.eTW)II2.*TUI

GOTOI06

I0_ HWS=(I.JTW}/I2.eT01+THRI{(EXPFITH@/TW]-I.)'T01

106 IFITHS/TIIJI-2h.1107,107,IOC

108 HI=I7.iTIIJ)III2.,TG]

00T0109

1_T HI=(7.'TI(J))I[2.'TO)+THBI(IEXPF(T HPITIIJI)-I"I*T]I

109 QSUM=(QI-QWII(HI-HWS)

IFITH_/TW-2_.)IlO,II0rlII

111 HW=[(T*'TW)I[2.eT_)IoCW

GOT0112

110 HW=I[T.gTW)/I2.*TO)÷THBII(EXPF(THBITWI-I.ImTO)]o_W

112 RET=(RHDIIUI)/IEMU*12.}

50_ RETH=RETITHETA

C EQUATION B5

EN=I.7?*._3h29_hS.LOGF(RETH)-.3B-2O_.IRETE!

IF(SENSELIGHT])511,S:32

502 IFIABSFIEN-ENP)-DIFN)S0_rS0_, c'11

511 SENSELIGHTI

501RRI=.I25

C SUBROUTINE GAUSS ]NTESRATION 5 INTERVALS ANT! _2 POINTS PERI_TERVAL

CALL GAUSSIN,L,0.,I.,2tSpFS.SUM,ANS,_}

O DELTA STAR/DELTA

_S_EL=I.-ANS(11

C THETA/UELTA

THOEL=I.-CSDEL-ANS(2I

TAW=IPRII.333333_31"ITTI1-TIIJ)}4TIIJ)

ALP=(I.+O_EGA)IIEN+I°)

CW-TWITIIJI

C2=ITW-TAWI/TIIJ)

C3=(2C._ENITHDELIRETH)eI[I.IIEN+I.))

E_=ITAW-TIIJ)I/TIiJ)

T FTT=CW-C2eC3m(TLTI_mALP)-CR e03*C_'ITLTI**I2,*ALPII-TLTl

FTTPR=-ALPtC2aC3*(TLTI*t{ALP-I.)]-2.*ALP*ChIC]*C31

I[TLTIwmI2.4ALP-I.))-I.

H2=-FTT/FTTPR

O E_UATION Bib

C TLITI

TLTI=TLTI+H2

IFIABSF[H21TLTI)-ERR)6,6,?

C E_UATION B13

C CFI2

6 EE2=II*II20.'EN))*C3*C3"(ITLT[) *'I(I.*2o_0_EGA-ENI

I/(EN+I.))I

C DELTA STARITHET_

DSTH=DSOELITHOEL

50P DELSIJ)=OSTH*THETA

YPD=SVY(J)+_ELSIJ)

DEL=DELSIJIIOSDEL

WRITEOUTPUTTAPE6_IOOoXIJ),Y(JIeTHETA_CF2eEN_THOEL_YPD,CELS(J),DEL_

IRETH,TLTI_DSDEL

YY(JI:Y(J)

Y[J)=YPD

IFIJ-1)50_,S05,5C_

505 DELSP=DELS(J)

GOTOS_9

SOb DX_=(XIJ]-XIJ-I]]ICOSF(THF(J-])}

OU=VE*[WIJI~WIJ-I)I

OR=RHOT*[RRTIJ]-RRTIJ-I)I

DY=YIJ]-Y(J-I)

C D THETAID X

DTDX=CF2P-THETAP*[I[2.¢OSTHP)*OUIIIUIP*DXEI_OR/(RH01P*0XB)

I÷DY/[YIJ-I)_DXB))

THETA=THETAP÷IDTDX)*DX8

IFISENSELIGHTIISOB,506

506 IF(ABSFIIDELSIJ}-DELSPIISVYIJ)}-OIF_)509,SO�,SOB

508 DELSP=OELS(J)

ENP-EN

GOTO5_3

509 YIJ_I)=YIJ÷]}_OEISIJ)

CF2P=CF2

THETAP=THETA

DSTHP=DSTH

UIP=UI

RHO1P=RHO[

510 SENSELIOHTI

B0 CONTINUE

1001 XINT=_

WRITE OUTPUT TAPE 6_51_

C USE SECONO ORCER INTERPOLATION TO FIND GIVEN POINTS

C OX=.IO IF Y LESS THAN I.

C OX=.25 IF Y GREATER THAN I. AND LESS THANS.

O DX=.50 IF Y GREATER THAN 5.

1005 CALL FTLUPIXINT,YINT,2,JL[M,X,YY)

WRITE OUTPUT TAPE 6,SI_,XINT_YINT

[FIYINT-YY(JLIM)11006, l,I

1006 IFIYINT-I.)1002,_O09,1009

1002 XINT=XINT+.I

GO TO 10Q5

1009 IFIYINT-S.)I003,1_0_,I00_

1003 XINT=XINT+o25

GO TO 1095

lOg_ XINT:X[NT+.5

GO TO 1005

513 FDRMATIIH 2F12.W]

51_ FDRMATIIH 6XIHXIIXIHY)

49



SUDROUT]NE_0Fx(S,FS)

D|v[NSION FSI2),SU_I2)t_NS(2IP_I2i.0qI,YI20o_I,W(2)0_I,RRTI2 0),

1THFI2_O),TII2_0_},SvY(2C0_),SvCFL_(2000jff_I_I2_0_'),Y¥12_C I

C0_CN CpT

_O_T=((UIIUI)/(RwT_I)

IF EXPCN_TI_L _TEr TH_ 2h. _IT TFR_'

I1_ H=(7.ol)/12.-rD)

_0 _0 I_1

11S _(_SU_)o(H-HWS)÷_w

C IF _×PONENTI4L GR_^T_r TH_'_ 2_. C_I[ T_r_

)I_T I_(IH_IQRI/TI(K)-2_o)I}_,I_6,11_

FPR=Q'(I-?._TI_KI)/12o_T_R_I_RR1))

I-c_N

FPR=QII_-7.QTIIKII/(2o_T_,RrI-RR[)-(T_B_THp_EXPF_THBI_R|/

EQU4TION _2

IFIR_IN)125,12S,126

GO T_ I1

126 RRI=R_IN

_O FS_2)=R_Io(S,,(Z°/EN)I

HOL_:S

HOL_2_SII)

_ETURN

5o
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